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ABSTRACT: The Mississippi River system ranks among the world's top 10 rivers in freshwater and sediment inputs to 
the coastal ocean. The river contributes 90% of the freshwater loading to the Gulf of Mexico, and terminates amidst 
one of  the United States' most productive fisheries regions and the location of the largest zone of hypoxia in the western 
Atlantic Ocean. Significant increases in riverine nutrient concentrations and loadings of nitrate and phosphorus and 
decreases in silicate have occurred this century, and have accelerated since 1950. Consequently, major alterations have 
occurred in the probable nutrient limitation and overall stoichiometric nutrient balance in the adjacent continental shelf 
system. Changes in the nutrient balances and reduction in riverine silica loading to the continental shelf appear to have 
led to phytoplankton species shifts offshore and to an increase in primary production. The phytoplankton community 
response, as indicated by long-term changes in biological uptake of  silicate and accumulation of biologicafiy bound silica 
in sediments, has shown how the system has responded to changes in riverine nutrient loadings. Indeed, the accumulation 
of biologically bound silica in sediments beneath the Mississippi River plume increased during the past two decades, 
presumably in response to increased nitrogen loading. The duration, size, and severity of hypoxia has probably increased 
as a consequence of the increased primary production. Management alternatives directed at water pollution issues within 
the Mississippi River watershed may have unintended and contrasting impacts on the coastal waters of the northern Gulf 
of Mexico. 
In t roduc t ion  
The re  is a genera l  consensus that  the eutrophi-  
cation of  estuaries and  enclosed coastal seas has 
increased over the last several decades.  Evidence 
f rom the Baltic Sea, Kattegat, Skagerrak,  and  
Dutch Wadden  Sea suggests a long- term increase 
in the f requency  of  phy top lank ton  blooms,  includ- 
ing noxious  fo rms  (Smayda 1990). Also, an in- 
crease in the areal extent  a n d / o r  severity of  hyp- 
oxia was observed,  for example ,  in Chesapeake  Bay 
(Officer  et  aL 1984), the no r t he rn  Adriatic Sea 
1Corresponding author; tele 504/851-2800; fax 504/851- 
2874. 
(justi~ et al. 1987), and  some areas of  the Baltic 
Sea (e.g., Andersson and  Rydberg 1988). The  Mis- 
sissippi and  Atchafalaya rivers debouch  on to  a con- 
t inental  shelf  that  is relatively open  c o m p a r e d  to 
the m o r e  enclosed water  bodies  no ted  above, but  
the biological effects o f  increased riverine nut r ien t  
loads appea r  comparab le  to those seen of  enclosed 
COaStS. 
Changes  in riverine e n d - m e m b e r  nut r ien t  con- 
centra t ions  and  ratios may affect  coastal ecosystems 
in several ways. O n e  potent ia l  effect  is to inf luence 
phy top lank ton  p roduc t ion  rates. Significant in- 
creases in nu t r ien t  concent ra t ions  and  loadings of  
nitrate and  p h o s p h o r u s  and  decreases in silicate 
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have occur red  in the Mississippi River this century, 
and have accelerated since 1950 (Turner  and Ra- 
balais 1991, 1994a). As a result, alterations have 
occur red  in the relative composi t ion of  nutr ients  
and in probable  nut r ien t  limitation in adjacent 
cont inental  shelf waters (Justi~ et al. 1993, 1994, 
1995a, b). If, indeed,  silica is a nut r ien t  limiting 
phytoplankton growth, a decrease in diatom abun- 
dance on the cont inental  shelf could follow declin- 
ing riverine silicate supplies. An increase in nitrate- 
n i t rogen concentra t ion,  however, may allow for 
more  efficient diatom growth at lower silicate con- 
centrations. On the o ther  hand,  while the frequen-  
cy of  probable  silica limitation has changed overall 
annually (Justis et al. 1994) or  at certain times of  
the year (Dortch and Whitledge 1992), the pro- 
duct ion of  diatoms may have remained  unchanged  
or increased dur ing  spring, the critical per iod for 
carbon produc t ion  and flux related to the forma- 
tion of  bot tom water hypoxia (Qureshi  1995). Even 
if d i a tom  p r o d u c t i o n  r ema ins  u n c h a n g e d ,  in- 
creased ni trogen loading is likely to stimulate non- 
diatom algal product ion.  A second possible effect 
involves a shift in phytoplankton communi ty  com- 
position. Increased ni t rogen and phosphorus  con- 
centrat ions will favor the growth of  flagellates (Of- 
ficer and Ryther 1980). In the case of  nitrogen- 
limited coastal phytoplankton populations,  nui- 
sance blooms might  develop as the silica : n i t rogen 
atomic ratio approaches  1:1 (the Redfield ratio; 
Redfield 1958), as is in the case of  the lower Mis- 
sissippi River system (Turner  and Rabalais 1991, 
1994a). The  combinat ion  of  pr imary  produc t ion  
changes and species shifts could affect subsequent  
carbon utilization, carbon flux, and the areal ex- 
tent  or  severity of  hypoxia on the cont inental  shelf. 
The  no r the r n  Gulf  of  Mexico adjacent  to the out- 
flows of  the Mississippi and Atchafalaya rivers is the 
location of  the largest zone of  hypoxia in the west- 
ern Atlantic Ocean (as great  as 9,500 km 2 in sum- 
mer; Rabalais et al. 1991, 1994a, b). 
The  effects of  changes in riverine ni t rogen,  
phosphorus ,  and silica fluxes to the cont inental  
shelf at the terminus  of  the Mississippi River is the 
focus of  this synthesis. We provide background in- 
format ion  on the Mississippi River discharge, the 
river's inf luence on the physical and chemical 
characteristics o f  the adjacent  coastal waters, and  
impor tan t  biological processes of  the study area. 
We d o c u m e n t  changes in Mississippi River nut r ien t  
concentrat ions,  loadings and ratios, and similar 
changes in nu t r ien t  proper t ies  of  adjacent  conti- 
nental  shelf waters. We then address biological re- 
sponses to these nut r ien t  alterations, including 
shifts in probable  nu t r ien t  limitations for phyto- 
plankton growth, shifts in phytoplankton commu- 
nity structure,  phytoplankton  product ion,  and in- 
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dicators of  eut rophicat ion and increased oxygen 
stress. 
The Mississippi River System 
The  Mississippi River watershed, the largest in 
the United States, encompasses 41% of  the area of  
the con te rminous  48 states (Fig. 1). The  Mississip- 
pi River ranks among  the world's top 10 rivers in 
discharge (580 km 3 yr -1) and sediment  yields (210 
• 106 t yr -~) to the coastal ocean (Milliman and 
Meade 1983). Major alterations in the morphology  
of  the main river channel  and widespread land- 
scape alterations in the watershed, along with an- 
thropogenic  additions of  n i t rogen and phospho-  
rus,  have r e su l t ed  in d r am a t i c  water  qual i ty  
changes this century  (Turne r  and Rabalais 1991). 
The  Mississippi and Atchafalaya rivers are the 
pr imary riverine sources of  fresh water to the Lou- 
isiana cont inental  shelf (Dinnel and Wiseman 
1986) and to the Gulf  of  Mexico (90% of  fresh- 
water inflow to the Gulf; National Oceanic and At- 
mospher ic  Administrat ion 1987). One-third  of  the 
flow of  the Mississippi River system enters the Gulf  
via the Atchafalaya River. O f  the remaining dis- 
charge from the Mississippi River delta proper,  ap- 
proximately 53% flows westward onto  the Louisi- 
ana shelf (United States Army Corps of  Engineers 
1974). The  long-term peak flow occurs in April. 
Although flow is r educed  in summer,  large-scale 
circulation pat terns often retain the fresh water on 
the shelf. Freshwater inflow from the Mississippi 
and Atchafalaya is a major  feature of  the Louisiana 
shelf, even though it is a fairly open  system, and 
fresh water a t t r ibuted to these rivers may be traced 
as far west as Port  Aransas on the south Texas coast 
(Smith 1980) and as far east as the Atlantic sea- 
board,  u n d e r  combinat ions  of  major  floods and ap- 
propr ia te  oceanographic  condit ions (Atkinson and 
Wallace 1975; Tester and Atkinson 1994; Walker et 
al. 1994). 
Within the n o r th e rn  Gulf  of  Mexico, the influ- 
ence  of  the Mississippi and Atchafalaya outflows is 
evident  in plots of  surface salinity and Secchi disk 
values accumulated f rom numerous  hydrographic  
cruises between 85~ (just ea~st of  Cape San Bias, 
Florida) to 95~ (just west of  Galveston Bay, Texas) 
(Fig. 2). Th e  inf luence of  the freshwater input  is 
more  obvious to the west of  the Mississippi delta 
(approximately 89~ than to the east, with addi- 
tional inputs near  91~ (the Atchafalaya delta). 
Plots of  nut r ien t  values (example given for silicate 
in Fig. 2) show a more  p r o n o u n c e d  decrease in 
concent ra t ion  over an equal distance f rom the del- 
tas when compared  to the salinity plot. This indi- 
cates a nonconservat ive mixing due  to biological 
uptake. 
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Fig. 1. Drainage of the Mississippi River (from Turner and Rabalais 1991); comparison of annual average N concentration and P 
concentration of major world rivers with the Mississippi (modified from Turner et al. 1990; Meybeck 1982); and schematic of sampling 
stations along the lower Mississippi River, with distance from the terminus (km) in parentheses (from Turner and Rabalais 1991). 
Adjacent Continental Shelf Hydrography 
Freshwater discharge from the Mississippi and At- 
chafalaya rivers rapidly forms the Louisiana Coastal 
Current,  a highly stratified coastal current  that 
flows, on average, westward along the Louisiana 
coast and then southward along the Texas coast. At 
the beginning of  the flood season, coastal winds are 
from the southeast. As spring progresses, the winds 
along the south Texas coast become favorable for 
upwelling and the local flow reverses and turns to- 
ward the north  and east (Cochrane and Kelly 1986). 
This reversal has been documented  as far east as 
Cameron,  Louisiana (93~ and inferred as far 
east as fhe Isles Dernieres (90~ (Kimsey and 
Temple 1963, 1964). 
Density stratification in the Louisiana Coastal Cur- 
rent, particularly near the two major freshwater 
sources, is due primarily to salinity. While the strong- 
est haline stratification is associated with the Louisi- 
ana Coastal Current, a secondary pycnocline often 
occurs and is best developed during the summer as 
a result of  both the initial spring flood discharge, 
vernal warming, and return flow along the shelf 
break from the Texas shelf (Cochrane and Kelly 
1986). This secondary, seasonal pycnocline resem- 
bles that observed near the Islay front (Hill and 
Simpson 1989). The summer hypoxia (see below) 
found in this region is capped by this seasonal pyc- 
nocline. 
Strong wind events interact with the waters of  
the coastal cur rent  t h roughou t  the year. Intense 
wind mixing due to cold air outbreaks and frontal 
passages is active from as early as late September  
to as late as June.  Local squalls and thunderstorms,  
as well as tropical storms and hurricanes, are im- 
por tant  dur ing the summer  months  (DiMego et al. 
1976). These wind events often result in the com- 
plete homogeniza t ion  of  the water co lumn (Wise- 
man et al. 1986). At o ther  times, winds are not  
strong enough  to fully break down the local strat- 
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Fig. 2. Plots of surface salinity, Secchi disk depth, and silicate concentration from a series of hydrographic cruises in 10-100 m 
water depth for 1972-1991, for the months and longitudes indicated (R. E. Turner and N. N. Rabalais unpublished data). 
ification, but  they result in localized coastal up- 
welling, which alters the stratification (Dagg 1988). 
The  deve lopment  and persistence of  bot tom wa- 
ter hypoxia is intimately l inked to the temporal  
and spatial variability of  the hydrographic  proper-  
ties. The  strong persistent summer  halocline pre- 
vents effective reoxygenat ion of  deep  waters f rom 
the uppe r  layers. The  fall destruct ion of  the halo- 
cline by wind mixing and thermal  cooling of  sur- 
face waters heralds the terminat ion  of  hypoxic con- 
ditions. The  morpho logy  of  the hypoxic region is 
control led  by the s tructure of  the secondary  near- 
bo t tom pycnocl ine (Wiseman et al. unpubl i shed  
data). The  summer  halocline associated with the 
Louisiana Coastal Cur ren t  isolates near-bot tom wa- 
ters f rom direct  wind forcing. This effect, in con- 
junc t ion  with the pressure gradients  driving up- 
coast flow along the Texas inner  shelf, results in 
slow-moving bot tom waters over the Louisiana in- 
n e r  shelf .  This  allows b io log ica l  processes ,  
described below, to deplete  the oxygen conten t  of  
the near-bot tom waters. 
Biological P r o c e s s e s  
High biological productivity in the immedia te  
(320 g C m -2 yr -~, Lohrenz  et al. 1990) and ex- 
t ended  plume (290 g C m -2 yr -1) of  the Mississippi 
River (Sklar and T u r n e r  1981) is media ted  by high 
nut r ien t  inputs and regenerat ion,  and favorable 
light conditions. Small-scale, short- term variability 
in productivity is the consequence  of  various fac- 
tors, such as nut r ien t  concentrat ions,  tempera ture ,  
and salinity (Lohrenz  et al. 1990, 1994), but  on a 
seasonal time-scale it is most  inf luenced by Missis- 
sippi River flow and nut r ien t  flux to the system 
(Justid et al. 1993). "New" nutr ients  become  de- 
pleted along the river-to-ocean mixing gradient  
through dilution and biological uptake, and regen- 
erated nutr ients  suppor t  pr imary produc t ion  for 
great  distances f rom the river mou th  (Dortch et al. 
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Fig. 3. Station locations within the Mississippi River bight for hypoxia monitoring on transects A'-D' (closed circles), mooring 
locations (C6A and C6B), LASER stations (closed triangles, those referred to in text are labeled), and "Platform" and "Control" 
stations of Fucik (1974) and Ward et al. (1979) (open circles marked with "C" and "P"). Stippled intensity corresponds to frequency 
of occurrence of mid-summer hypoxia at monitoring stations (1985-1987, 1990-1993, N. N. Rabalais, R. E. Turner, and w.J. Wiseman, 
Jr. unpublished data). 
1992a). Part iculate organic  ca rbon  flux to the low- 
er  water  co lumn is high in the ex tended  p lume  
over  the inner  shelf  (approximate ly  500-600 mg  C 
m -z d -] in 15 m water depth;  Qureshi  1995; see 
also Redalje et al. 1994). The  fract ion of" produc-  
tion expor t ed  f rom the surface waters is highly 
variable and  ranges f rom 10% to 200%, with the 
h igher  percentages  in the spring. A large propor -  
tion of  the part iculate  organic  ca rbon  flux reaches 
the bo t tom incorpora ted  in zooplankton  fecal pel- 
lets as well as individual cells or  in cell aggregates.  
The re  is great  daily and  weekly variability in cur- 
rent  flow and stratification on the shelf  and,  there-  
fore, no  simple descript ion of  the couplings be- 
tween carbon  p roduc t ion  in surface waters and  de- 
livery and  recycling in bo t tom waters at this t ime 
scale. However, there is evidence of  an ecological 
"signal"  (couplings) amidst  the "no i se"  (the vari- 
ability) when m o r e  extensive datasets and  longer  
t ime per iods  are examined  (e.g., marine-or igin  
phytop lankton  p igments  and  biogenic  silica in sur- 
ficial sediments  and  Pb-210 dated  sed iment  cores; 
Rabalais et al. 1992a; T u r n e r  and  Rabalais 1994b). 
These  coupl ings implicate changes  in riverine nu- 
trients and  nut r ien t  ratios (discussed below) with 
the overall effects on productivity, ca rbon  accu- 
mula t ion  at the seabed,  and  low oxygen condi t ions  
on this shelf. 
Oxygen-deple ted  bo t tom waters are seasonally 
d o m i n a n t  features of  the Louisiana cont inental  
shelf  adjacent  to the deltas of  the Mississippi and  
Atchafalaya rivers (Rabalais et al. 1991, 1992b, 
1994a, b). The  areal ex ten t  o f  bot tom-water  hyp- 
oxia (<-2 mg  1 -~ dissolved oxygen) in mid - summer  
may cover as m u c h  as 9,500 km z, with the spatial 
configurat ion varying interannual ly  (Fig. 3). Sam- 
ples f rom a transect on the southeastern shelf and 
cont inuous  time series data off  Te r r ebonne  Bay 
docum e n t  hypoxic bot tom waters as early as Feb- 
ruary and as late as October,  with widespread, per- 
sistent, and severe hypoxia or anoxia f rom mid- 
May to mid-September.  Spatial and temporal  vari- 
ability in the distribution of  hypoxia exists and is, 
at least partially, related to the ampli tude and phas- 
ing of  the Mississippi River discharge (Rabalais et 
al. 1994a; Wiseman et al. unpubl ished data) and, 
consequently, to nut r ien t  flux to the coastal waters 
and subsequent  p roduc t ion  and flux of  carbon 
from surface waters to the lower water co lumn and 
seabed. 
Seasonal variations in ne t  productivity in the 
no r the rn  Gulf  of  Mexico (as exemplif ied by sta- 
tions C6A and C6B in Fig. 3) are cohe ren t  with the 
dynamics of  freshwater discharge (Justi~ et al. 
1993). The  surface layer (0 m to 0.5 m) shows an 
oxygen surplus relative to the saturation values 
dur ing February-July;  the maximum occurs dur ing 
April and May and coincides with the maximum 
flow of  the Mississippi River. The  bot tom layer (ap- 
proximately 20 m),  on the contrary, exhibits an 
oxygen deficit t h roughou t  the year; it reaches its 
greatest deficit value in July. Bot tom hypoxia in the 
no r the rn  Gulf  is most p r o n o u n c e d  dur ing periods 
of  high water-column stability when surface-to-bot- 
tom density differences are greatest (Rabalais et al. 
1991, Wiseman et al. unpubl ished data). The  cor- 
relat ion between Mississippi River flow and surface 
oxygen surplus is greatest  with a time-lag of  1 mo, 
and the highest  corre la t ion for bot tom oxygen def- 
icit is with a time-lag of  2 mo (Justi~ et al. 1993). 
These  findings suggest the oxygen surplus in the 
surface layer following high flow depends  on nu- 
trients ultimately coming f rom the river but  regen- 
era ted many times. Annual  mass balance calcula- 
tions (Turner  and Rabalais 1991; Dortch et al. 
1992a) and N uptake measurements  in the fall sug- 
gest every N atom is recycled approximately four  
times, a l though recycling may be less impor tan t  in 
the spring (Dortch et al. 1992a). This is impor tan t  
because a surplus of  oxygen relative to the satura- 
tion value is a good indicator  of  ne t  productivity 
in the surface waters. An oxygen surplus also 
means there  is an excess of  organic mat ter  derived 
from pr imary produc t ion  that can be redistr ibuted 
within the system; some of  this will eventually reach 
the sediments. The  deve lopment  of  summer  hyp- 
oxia in the no r the rn  Gulf  of  Mexico (as exempli- 
fied by stations C6A and C6B, Fig. 3) is associated 
with the decay of  organic mat ter  accumulated dur- 
ing spring phytoplankton  blooms (Qureshi  1995). 
These  findings demonst ra te  a close coupling be- 
tween r iverborne nutrients,  net  productivity, and 
hypoxia, as well as implicate the effects of  anthro- 
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pogenic  nut r ien t  loads on a coastal marine ecosys- 
tem. 
Methods  
We present  data mostly f rom published results, 
which provide the appropr ia te  details of  collection 
and analysis methods.  In addition, we present  two 
new syntheses: historical changes in phytoplankton 
species composi t ion and in benthic  foraminiferal  
communit ies.  More detailed methods  are provided 
for the latter two syntheses. 
While the inf luence of  the Mississippi and At- 
chafalaya rivers can be seen as far as the south Tex- 
as coast (Smith 1980), the nor theas te rn  Gulf, the 
south Florida region, and the United States East 
Coast (Walker et al. 1994 and references therein) ,  
we limit our  discussion of  consequences  of  riverine 
nu t r ien t  changes to the areas inf luenced by the 
immediate  and ex tended  plumes of  tile cu r ren t  
birdfoot  delta in the Mississippi River bight west to 
about  90~ (the ent rance  to Te r r eb o n n e  Bay) 
(Fig. 3). The  oceanographic  data include the fol- 
lowing: moni tor ing  cruises conduc ted  dur ing the 
per iod 1985-1993, across the width of  the Louisi- 
ana shelf, primarily in mid-summer (transects A' 
through D' in Fig. 3); data f rom the southeastern 
shelf off  Te r r ebonne  Bay on a biweekly to monthly  
basis in 1985-1986 and 1990-1993 (transect C in 
Fig. 3); more  f requent  sampling at an ins t rument  
moor ing  (stations C6A and C6B in Fig. 3); six 
cruises covering 10 m to 80 m water depth  within 
the Mississippi River bight between 1987 and 1990 
(i.e., LASER stations in Fig. 3); and miscellaneous 
o ther  cruises within the study area. 
Standard water co lumn profile data were ob- 
tained from a Hydrolab Surveyor II, Hydrolab Sur- 
veyor 3, or a SeaBird CTD system. All dissolved ox- 
ygen probes were calibrated and quality control led 
with Winkler titrations; conductivity was calibrated 
by discrete measurements  analyzed on an AutoSal 
salinometer. Nutrients were measured on a Tech- 
nicon Auto Analyzer according to methods  de- 
scribed in Parsons et al. (1984). 
Changes in Nutrients 
LOWER MISSISSIPPI RiVER 
Water quality data for  the lower Mississippi River, 
p revious ly  e l a b o r a t e d  by T u r n e r  an d  Rabalais  
(1991) and updated,  were collected f rom stations 
at St. Francisville, Luling, New Orleans, and Venice 
(Fig. 1). The  mean annual  concent ra t ion .of  nitrate 
was approximately the same in 1905-1906 and 
1933-1934 as in the 1950s, but  it has doubled  in 
the last 35 yr (Fig. 4). The  mean annual  concen- 
tration of  silicate was approximately  the same in 
1905-1906 as in the early 1950s, then it decl ined 
by 50%. Concentra t ions  of  nitrate and silicate ap- 
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Fig. 4. Average annual concentrations of nitrate and silicate 
and Si:N ratio from 1905 through 1994 in lower Mississippi Riv- 
er for stations indicated (see Fig. 1) (modified and updated 
from Turner and Rabalais 1991, 1994a). 
pear  to have stabilized, but  t rends are masked  by 
increased variability in the data f rom the 1980s and  
early 1990s. We found  no substantial  records  of  to- 
tal p h o s p h o r u s  concen t ra t ions  in the lower Missis- 
sippi River before  1972. Al though the concentra-  
tion of  total p h o s p h o r u s  appears  to have increased 
since 1972, variations a m o n g  years are large. 
The  rise in nitrate since 1960 was coincidental  
with an increase in appl icat ion of  n i t rogen fertil- 
izer in the watershed sufficient to accoun t  for the 
changes  in water  quality (Turne r  and  Rabalais 
1991). The  decrease in silicate since 1960 appears  
to be a consequence  of  ups t ream p h o s p h o r u s  ad- 
dit ions that  s t imulated freshwater  d ia tom produc-  
tion and  an eventual  burial  in freshwater  sedi- 
ments  of  silica in d ia tom remains  (e.g., Schelske 
and  S toe rmer  1971; Schelske et al. 1986), thus re- 
ducing the annual  supply of  riverine silicate to 
coastal waters. 
The  s i l icate :ni t ra te  ratios have changed  as the 
concent ra t ions  varied (Figs. 4 and  5). The  silicate : 
ni trate a tomic  ratio was approx imate ly  4:1 at the 
beg inn ing  of  this century, d r o p p e d  to 3:1 in 1950, 
and  then  rose to approx imate ly  4.5:1 dur ing  the 
nex t  10 yr, before  p l u m m e t i n g  to 1:1 in the 1980s. 
The  ratio appears  stable (little variation) at 1:1 
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Fig. 5. Monthly average concentrations of nitrate and sili- 
cate, and Si:N ratio, in the lower Mississippi River for periods 
indicated (modified and updated from Turner and Rabalais 
1991, 1994a). 
The  seasonal pa t te rns  in nitrate and  silicate con- 
cent ra t ion  have also changed  dur ing  this century  
(Fig. 5). The re  was no  p r o n o u n c e d  peak  in nitrate 
concent ra t ion  earlier this century, whereas there  
were spr ing peaks f rom 1975 to 1985, p resumably  
related to seasonal agricultural  activities, t imed 
with long- term peak  river flow. A seasonal summer-  
fall m a x i m u m  in silicate concent ra t ion ,  in contrast,  
is no  longer  evident  (Fig. 5). Consequent ly  the sea- 
sonal signal o f  silica : n i t rogen a tomic ratio has also 
changed.  The  seasonal shifts in nut r ien t  concen-  
trations and  ratios b e c o m e  increasingly relevant  in 
light of  the close t empora l  coupl ing  of  river flow 
to surface water  net  productivity (1-mo lag) and  
subsequent  bo t tom water  oxygen deficiency (2-mo 
lag) descr ibed above. 
The  p ropor t ions  of  dissolved Si, N, and  P in the 
lower Mississippi River have changed  historically 
such that  they now closely app rox ima te  the Red- 
field ratio (Si:N:P = 16:16:1; Fig. 6) (Justi~ et al. 
1995 a, b). We c o m p a r e d  the data for  two periods: 
1960-1962 and  1981-1987 (Table 1; data  f rom Tur- 
ner  and  Rabalais 1991). Substantial  increases in N 
(300%) and P (200%) concent ra t ions  occur red  
over several decades,  and  Si decreased  (50%). (No 
100 
13.. 
~ 1 0  84 oo 
o.oll I 0 
Si /N  , vu ~ ,  . 






o ~  1 lo_ 


















Fig. 6. Scatter diagrams of atomic ratios of dissolved inorganic nitrogen (N), reactive phosphorus (P), and reactive silica (Si) in 
surface waters of the northern Gulf of Mexico for (A) reconstructed data for 1960 and (B) ambient nuu'ient ratios during 1985- 
1991. Vertical bar indicates the Redfield ratio (Si:N:P = 16:16:1). (C) Shift in mean atomic ratio of nitrate-nitrogen (N), total 
phosphorus (P), and reactive silica (Si) in the Mississippi River (Mi) from 1960-1962 to 1981-1987. (D) Clustering of N, P, and Si in 
the Am~on  (Am), Changjiang (Ch), Huanghe (Hu), Mackenzie (Ma), Mississippi (Mi), Po (Po), Rhine (Rh), Seine (Se), Yukon 
(Yu), and Zaire (Za) rivers. Data for the Mississippi River is in Table 1. (Modified fi'om Justi6 et al. 1995a). 
data on total P concent ra t ion  in the Mississippi Riv- 
er  were r epo r t ed  pr ior  to 1973; however, total P in 
the river showed a mode ra t e  increase between 
1973 and 1987. By applying a l inear  least-squares 
regression on the 1973-1987 data, we es t imated (p 
< 0.01) that  the total P concent ra t ion  increased 
twofold between 1960-1962 and 1981-1987.) Ac- 
cordingly, the Si:N ratio decreased  f rom 4.2 Io 0.9, 
the Si:P ratio decreased  f rom 39.8 to 14, and  the 
N:P ratio increased f rom 9 to 15. By applying the 
Redfield ratio as a cri ter ion for  s toichiometr ic  nu- 
tr ient  balance,  one  can distinguish between P-de- 
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TABLE 1. Historical changes in concentrations (txM) and 
atomic ratios of  nitrogen (N), phosphorus  (P) and silica (Si) in 
the lower Mississippi River and the nor thern  Gulf of Mexico; 
= mean value, n = num ber  of  data, S = standard error, p < 
0.001 = highly significant difference in nutr ient  concentrations 
between the two periods, based on a two-sample t-test (modified 
from Justi6 et al. 1995b). 
Mississippi River N o r t h e rn  G u l l  ot Mexico 
1960-1962 1981-1987 1960 a 1985-1991 
Nutrient concentrat ion (l.tM): 
N ~ 2 36.5 114 2.23 8.13 
n 72 200 219 219 
S 2.9 6.0 0.16 0.60 
(p < 0.001) 
pb ~ 3.9 7.7 0.14 0.34 
n - -  234 231 231 
S - -  0.4 0.01 0.02 
(p < 0.(X)I) 
Si c ~ 155.1 108 8.97 5.34 
n 72 71 235 235 
S 7.5 4.3 0.55 0.33 
(p < 0.001) 
Average atomic ratios: 
Si:N 4.2 0.9 4.0 0.7 
N:P 9 15 16 24 
Si:P 39.8 14 64 16 
N-NO s for the Mississippi River, dissolved inorganic nitro- 
gen (DIN = NOs- + NH4 § + NO~ ) for the nor the rn  Gulf of 
Mexico. 
b Total P for the Mississippi River, reactive P for the nor thern  
Gulf of  Mexico. 
9 Reactive Si. 
Reconstructed data. 
ficient, N-deficient, and Si-deficient rivers, and 
those having a well-balanced nut r ien t  composit ion.  
The  nut r ien t  ratios for  the Mississippi River (1981- 
1987 database) show an almost perfect  coinci- 
dence  with the Redf ie ld  ratio (Fig. 6). The  pro- 
port ions of  Si, N, and P have changed over time 
in such a way that they now suggest a balanced 
nut r ien t  composit ion.  
ADJACENT CONTINENTAl. SHELF 
We analyzed extensive nut r ien t  datasets f rom the 
no r the rn  Gulf  of  Mexico to examine  how the 
coastal nu t r ien t  s t ructure may reflect long-term 
changes in the propor t ions  of  dissolved Si, N, and 
P in riverine loads Qlusti6 et al. 1994, 1995a, b). 
Reliable long-term datasets of  the no r the rn  Gulf's 
nut r ien t  composi t ion 30 yr ago were not  available, 
however. We reconstructed,  therefore,  the past 
coastal nut r ien t  composi t ion by assuming that the 
relative p ropor t ion  of  nutr ients  in the river-domi- 
na ted  coastal waters reflects the changing compo- 
sition of  riverine nutr ients  (Table 1). This assump- 
tion was made  in view of  the fact that the Missis- 
sippi River is the most impor tan t  nut r ien t  source 
to the n o r th e rn  Gulf  of  Mexico. The  detailed re- 
construct ion p rocedure  is given in Justi~ et al. 
(1995b). By calculating the specific rates of  change 
for Si:N, Si:P, and N:P ratios in the Mississippi Riv- 
er, we obta ined a reasonable estimation of  coastal 
nut r ien t  composi t ion 30 yr ago. Comparison of  the 
reconst ructed  data with the available historical nu- 
trient data (Thomas and Simmons 1960; T u r n e r  
and Rabalais 1994a) showed a reasonable agree- 
men t  between the measured  and the reconst ructed  
nut r ien t  ratios. A similar reconst ruct ion technique  
for the no r the rn  Adriatic Sea p roduced  results that 
closely paralleled the real data (Justi~ et al. 1995a, 
b). 
Comparison of  measured  and recons t ruc ted  nu- 
trient ratios for  the n o r th e rn  Gulf  adjacent  to the 
Mississippi River outflow reveals long-term changes 
in propor t ions  of  nutr ients  in the surface waters 
(Justi(~ et al. 1995a, b) (Fig. 6). The  recons t ruc ted  
nut r ien t  ratios for 1960, on  average, scatter fur ther  
f rom the Redfield ratio (Si:N:P = 16:16:1; the cen- 
ter of the grid) than the recent  data. By applying 
the Redfield ratio as a cri terion for balanced nu- 
trient composit ion,  it appears that P and N defi- 
ciency have decreased while Si deficiency has in- 
creased. Equally important ,  recent  nut r ien t  ratios 
scatter very close to the Redfield ratio, suggesting 
an almost perfectly balanced nut r ien t  composit ion.  
Probable nut r ien t  limitation (Dortch and Whit- 
ledge 1992) was also assessed by compar ing  the 
ambient  nu t r ien t  concentra t ions  with the ks for nu- 
tr ient uptake and, in the case of  Si, a threshold 
value for uptake. Plots of  relative frequencies  (Jus- 
ti~ et al. 1994) (Fig. 7) show that dissolved N con- 
centrat ions in the surface layer of  the no r the rn  
Gulf  of  Mexico dur ing the per iod  1985--1992 were 
lower than 1 txM in about  13% of  the cases. Re- 
active P was below 0.1 IxM in 17% of  the cases, and 
reactive Si concentra t ions  lower than 2 txM oc- 
cur red  in 25% of  the cases. In contrast,  the cor- 
responding frequencies  were 39%, 41%, and 10%, 
respectively, in 1960. These  findings are impor tan t  
because studies of  nu t r ien t  uptake kinetics (i.e., 
_..) 
Fig. 7. Relative frequency polygons showing temporal changes in surface nutr ient  structure of the nor thern  Gulf of  Mexico, 
assuming that the relative rates of change in nutr ient  conccntrations over the intervening period were the same as in the Mississippi 
River (delta N = +8.0%/yr;  delta P = +4.3%/yr;  delta Si = -1 .4%/yr ) ;  TIN = dissolved inorganic N, RP = reactive P, Si = reactive 
Si, N = number  of  data, X = mean value, M = median. Vertical lines indicate threshold values for nutr ient  uptake based on literature 
data from studies of  phytoplankton uptake kinetics. (From Justi(. et al. 1994). 
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Rhee 1973; Har r i son  et al. 1977; Go ldman  and  Gli- 
ber t  1983; Nelson and  Brzezinski 1990) indicate 
that  concent ra t ions  of  1 ~M, 0.1 p~M, and  2 p.M 
may be cons idered  as threshold  values for  N, P, and  
Si uptake,  respectively. Thus,  it appears  that  overall 
nu t r ien t  l imitat ion has decreased.  
Changes  in riverine nu t r ien t  loads and  nu t r i en t  
ratios may "affect coastal phy top lank ton  communi -  
ties in several ways. The  Si:N:P ratio of  mar ine  di- 
atoms, which are a b u n d a n t  const i tuents  o f  coastal 
phy top lank ton  communi t i e s  and  comprise  most  o f  
the biomass, is approx imate ly  16:16:1 when nutri-  
ent  levels are sufficient. Deviations f rom this ratio 
in nutr ients  available in the water  co lumn may be 
a l imiting factor  for  diatoms, as well as for  o the r  
phytop lankton  groups  (Hecky and Kilham 1988; 
Dortch and  Whit ledge 1992). Also, a decreasing Si: 
N ratio may exacerbate  eu t rophica t ion  by reduc ing  
the potent ia l  for  d ia tom growth in favor of  noxious  
flagellates (Officer  and  Ryther 1980). Ano the r  rea- 
sonable  hypothesis that  tbllows a m o r e  favorable,  
ba lanced nut r ien t  composi t ion,  as evidenced in 
the Mississippi River and  in the coastal waters as 
well, is that  surface p r imary  productivity has in- 
creased u n d e r  these conditions.  
Consequences of  Shifts in 
Nutrient Composition 
PHYTOPIANKTON SPECIES COMPOSITION 
The  changes  in riverine and  coastal nu t r i en t  
concent ra t ions  and  ratios over t ime suggest that  
there  should be observable  changes  in phytoplank-  
ton species composi t ion.  The  increasing N avail- 
ability and  decreasing Si:N ratios should lead to 
increases in d o m i n a n c e  of  lightly-silicified d ia toms 
and nondia toms.  Publ ished repor ts  o f  phytoplank-  
ton species composi t ion  for 1955-1957 near  the 
delta (S immons  and  T h o m a s  1962) and  for  1972- 
1973 approx imate ly  80 km west of  the delta (Fucik 
1974; Ward et al. 1979) were c o m p a r e d  with data  
for  1990-1993 f rom nea r  the delta and  f rom sta- 
tions C6A and  C6B in 20 m water  dep th  off  Terre-  
b o n n e  Bay (Dor tch  et al. unpubl i shed  data) (Ap- 
pendices  1-3, Fig. 3). This compar i son  is qualita- 
tive because of  differences  in locations, seasons 
s a m p l e d ,  a n d  m e t h o d o l o g y .  T h e  m e t h o d o l o g y  
used in earl ier  repor ts  may have missed c o m m o n  
nondia toms,  such as small coccoid cyanobacter ia  
and  phytoflagellates,  which now often dominate .  
Consequently,  it was not  possible to de t e rmine  
whe ther  the d o m i n a n c e  of  these groups  has in- 
creased. A conservative app roach  was taken in this 
c o m p a r a t i v e  analysis.  Da ta  were  c o m p i l e d  by 
match ing  season and  location as closely as possible 
and  including in the recen t  data  only the phyto- 
p lank ton  types that  would have been  observed in 
the earlier studies. In addit ion,  because of  uncer-  
tainties of  taxonomy, differences were only no ted  
where organisms were identified unambiguously.  
Demons t rab le  changes  have occur red  in the di- 
a tom and nond ia tom species composi t ion  f rom the 
1950s and  1970s to present .  Some heavily silicified 
d ia tom species are e i ther  no t  observed  at all in 
recent  samples  (boldface type in the Appendices)  
or  are m u c h  less dominant .  For example ,  no  Me- 
losira species, which a p p e a r  heavily silicified, were 
observed  in 1990-1993 but  were presen t  in both  
1955-1957 a n d  1972-1973.  Asterionella japonica 
(=Asterionellopsis glacialis, Round  et al. 1990) was 
observed  recently at low salinities in the spring but  
is not  a d o m i n a n t  species as it was f rom 1955-1957. 
Similarly, more  lightly silicified d ia toms are doc- 
u m e n t e d  for the 1970s and  present ,  especially at 
h igher  salinities. Rhizosolenia fragilissima and  Cera- 
tulina pelagica, which are so lightly silicified they 
are somet imes  difficult to see, were not  r epo r t ed  
fbr 1955-1957. Two species of  I#ptocylind~icus spp. 
were f requent ly  d o m i n a n t  in 1990-1993 but  were 
a mino r  const i tuent  in 1955-1957. During 1972- 
1973, lightly silicified dia toms were repor ted ,  in- 
c luding Rhizosolenia delicatula, Leptocylindricus dani- 
cus, and  Ceratulina pelagica, but  a m o r e  quantitat ive 
analysis would be requi red  to de t e rmine  if their  
a b u n d a n c e  was less than at present .  
The  data suggest that  the shift in d o m i n a n t  di- 
a tom composi t ion,  toward more  lightly silicified 
species, occur red  between 1955-1957 and 1972- 
1973, but  methodologica l  differences prec lude  
conclusions abou t  changes  in nondia toms.  Since Si 
availability con t inued  to decrease after  the early 
1970s (Turne r  and  Rabalais 1991), a con t inued  
shift in species compos i t ion  to nond ia toms  would 
be expected.  The  phy top lank ton  at stations C6A 
and C6B in 1990-1993 often were domina t ed  nu- 
merically by small flagellates and  cyanobacter ia  
(not  shown in Append ix  3). They  were not  consid- 
e red  in this compar i son ,  because it is no t  clear 
whether  they would have been  observed  in the 
1972-1973 study, even if p resen t  in large numbers .  
It  is also t empt ing  to hypothesize that  the presence  
of  Trichodesmium sp. in 1990-1993, but  not  in the 
earlier studies, indicates decreased  Si availability. 
Trichodesmium sp., however, is a b loom-fo rming  spe- 
cies that  has been  r epor t ed  previously for  this re- 
gion (Eleuterius et al. 1981). 
Severa l  spec ies  with i m p o r t a n c e  to h u m a n  
health are now present  but  were e i ther  absent  be- 
fore or  have increased in dominance .  The  domi-  
nance  of  Nitzschia pungens on the Louisiana shelf  
appears  to have increased dramatically since the 
1950s, and  concent ra t ions  now frequent ly  exceed 
1 • 106 cells 1 -l. Some forms of  this species have 
been associated with amnesiac  shellfish poisoning  
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(reviewed in Shumway 1990; Hal legraeff  1993). 
Samples f rom a recent  b loom at station C6B have 
been  identified (G. Fryxell, personal  communica-  
tion) as a sometimes toxic form of  Nitzschia pun- 
gens, now called Pseudonitzschia pseudodelicatissima 
(Martin et al. 1990). Since this species is heavily 
silicified for a marine  diatom (Conley et al. 1989), 
it is difficult to attr ibute its increase to decreasing 
Si:N ratios, a l though it could be responding to in- 
creasing N availability. Dinophysis caudata, a dino- 
flagellate which may be associated with diarrhetic 
shellfish poisoning (Dickey et al. 1992), was no t  
recorded  in the earlier studies. Recently, it was of- 
ten present  at low to modera te  concentrat ions;  
sometimes it was dominan t  and reached  concen- 
trations as high as 1 • 105 cells 1-1. 
The  indicated shift f rom heavily to lightly silici- 
fled forms may have al tered carbon flux via directly 
sinking phytoplankton cells, if silica has become 
limiting. Subsequently, organic loading to the sea- 
bed and, possibly, oxygen deplet ion may have been 
affected. On the o ther  hand,  an increase in non-  
diatom forms that are less preferential ly grazed 
than diatoms may have increased the flux of  these 
cells into the lower water column and al tered ox- 
ygen consumpt ion  in a different  manner.  
SILICATE-BASED PHYrOPLANKTON 
COMMUNITY RESPONSE 
Bien et al. (1958) first d o c u m e n t e d  the dilution 
and nonconservat ive uptake of  silicate in the Mis- 
sissippi River p lume by sampling f rom the river 
mou th  seaward in 1953 and 1955. A notable char- 
acteristic of  the mixing diagram is that the concen- 
tration of  silicate often falls below the conservative 
mixing line, thus indicating biological uptake. Up- 
take can be statistically mode led  as a deviation 
f rom this mixing line, which we did for 31 ade- 
qua te ly  sample  datase ts  ( T u r n e r  and  Rabalais  
1994a). We found  that the concent ra t ion  of  silicate 
at the 20%0 mixing point  decl ined in the last sev- 
eral decades dur ing  the winter-spring (January-  
April) and summer  months  (June-August);  how- 
ever, there  was no discernible change dur ing the 
fall-winter months  (Oc tobe r -December ) .  We nor- 
malized for the effects of  varying concentra t ions  in 
the riverine end-member  (e.g., Loder  and Rei- 
chard  1981) and compared  the est imated net  sili- 
cate uptake at 30%0 as a funct ion of  silicate river- 
ine end-member  concent ra t ion  (Fig. 8). Noncon-  
servative uptake of  silicate was indicated in all data 
collections. The  net  uptake (at 30%0) above dilu- 
tion ranged f rom 1% to 19% of  the in tercept  con- 
centrat ion,  and the data groups before  and after 
1979 were remarkably similar. The  net  silicate up- 
take appears h igher  after 1979 than before  1979 
(Fig. 8); these differences were apparen t  in the 
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Fig. 8. The estimated ne t  uptake of  silicate above dilution 
losses at 30%0, for all data (top), and for summer  data (months  
6--8). (From Turner  and Rabalais 1994a.) 
summer  months  dur ing  peak hypoxia develop- 
men t  (June-August) as well. The  results f rom this 
analysis suggest that ne t  silicate uptake in the di- 
lution gradient  f rom river to sea has remained  the 
same, or even increased, as the concent ra t ion  de- 
creased. Two causal factors explaining this result 
are related to the effects of  o ther  nutr ients  and 
changes in the light regime this century. 
The  20-30%0 range of  the mixing zone is where 
light condit ions improve rapidly in the seaward di- 
rect ion and where the highest pr imary  produc t ion  
rates are usually observed (Sklar and T u r n e r  1981; 
Lohrenz  et al. 1990). The  light condit ions in this 
region may have changed because of  dams trap- 
ping sediments,  especially in the Mississippi River 
watershed. Phytoplankton produc t ion  should have 
increased sooner  in the mixing gradient  and with 
greater  strength if turbidity decreased dur ing  this 
per iod of  watershed manipulat ion.  Also, Justi~ et 
al. (1995a, b) analyzed the nu t r ien t  ratios within 
the Mississippi River and offshore waters. They  ob- 
served that the ratios of  N, P, and Si, a l though dif- 
fe rent  in the last several decades, were now closer 
to the Redfield ratio, an indicator  of  improved nu- 
tr ient  condit ions for phytoplankton growth. They  
suggested that coastal phytoplankton produc t ion  
would be stimulated by the favorable balance of  N, 
P, and Si, ra ther  than an increase in any one  par- 
ticular nutrient .  
BIOLOGICALLY BOUND SII.ICA AND 
CARBON A C C U M U l a T I O N  
As no ted  earlier, nearly coincidental  trends in 
silicate (decreasing) and ni t rogen (increasing) 
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concentra t ions  in the Mississippi River caused the 
average annual  dissolved silicate:nitrate-N atomic 
ratio (Si:N) to decline f rom about  4:1 earlier this 
century  to 1:1 this decade.  The  present  Si:N ratio 
(1:1, Fig. 4) is thought  to be a significant limiting 
threshold for diatom growth, intraspecific compe-  
tition, and produc t ion  (Officer and Ryther 1980; 
Smayda 1990; Dortch and Whitledge 1992; T u r n e r  
and Rabalais 1994a). Thus, two contrasting hypoth- 
eses predict  changes in phytoplankton on this 
coast since the 1950s. The  first is that the coastal 
phytoplankton are ni t rogen,  not  silica, limited, and 
higher  ni t rogen loading will result in propor t ion-  
ally h igher  phytoplankton produc t ion  rates. A 
compet ing  hypothesis is that the combinat ion of  
lower silica tluxes and a Si:N ratio near  1:1 will 
result in lower phytoplankton produc t ion  rates 
through limits on diatom produc t ion  along with 
species composi t ion shills. This is a nontrivial issue 
for managers,  because diatoms are an ecologically 
impor tan t  const i tuent  of  phytoplankton and con- 
tribute significantly to the organic loading of  bot- 
tom waters and sediments and the subsequent  ox- 
ygen deplet ion.  
We d o c u m e n t e d  that surficial sediments, directly 
downstream and benea th  the surface riverine-es- 
tuarine dilution plume,  rei lected the in situ pri- 
mary produc t ion  and subsequent  t ransport  of  or- 
ganic carbon f rom surface to bot tom waters within 
the Mississippi River bight (Rabalais et al. 1992a; 
T u r n e r  and Rabalais 1994b) (Fig. 9). We fur ther  
quantif ied the silica in the skeletal remains of  di- 
atoms sequestered as biologically bound  silica 
(BSi) in dated sediment  cores f rom the same re- 
gion. The  highest concentra t ions  of  BSi were in 
sediments deposi ted in 25-50 m water depth  in the 
middle of  the sampling area. The  % BSi in sedi- 
ments  from deepe r  waters (110 m and 200 m) were 
generally stable through time but  rose in the shal- 
lower stations (10 m and 20 m) a round  the begin- 
ning of  this century. At the in termediate  depths  
(27 m to 50 m),  where both  the % BSi concentra-  
tion and accumulat ion rates were highest, coinci- 
dental  changes in the % BSi with time were evi- 
dent,  especially in the 1955 to 1965 per iod (a rise 
and tiall) and a post 1975 (1980?) rise that was sus- 
tained to the sampling date (1989) (Turner  and 
Rabalais 1994b) (Fig. 10). The  general  pat tern that 
emerges is an equil ibr ium accumulat ion of  BSi 
f rom 1800 to 1900, then a slow rise, tollowed by a 
more  dramatic rise in the past two decades. Dia- 
genesis of  the BSi undoubted ly  occurs in these 
cores, but  will be a relatively low because the sed- 
imentat ion rate is high (>0.5 cm yr-l) .  Further- 
more,  others  have found  the record  of  BSi to be a 
good indicator  of  in situ product ion.  Conley et al. 
(1993) summarized for freshwater lakes that, in 
general,  accumulat ion of  BSi in sediments mimics 
overlying water co lumn productivity, and that, the 
more  diatoms that are p roduced  by nutrient-en- 
hanced  growth, the more  BSi will be deposited. 
Additional informat ion is in Tu rn e r  and Rabalais 
(1994b). 
If  the assumption is made  that the BSi:C ratio at 
the time of  deposit ion remained  constant  this cen- 
tury, then the increased BSi deposit ion represents  
a s ignifcant  change in carbon deposit ion rates (up 
to 43% higher  in cores dated after 1980 than those 
dated between 1900 to 1960). The  pat tern  in % 
BSi changes parallels the d o cu m en ted  increases in 
ni t rogen loading in the lower Mississippi River, 
over the same per iod dur ing  which the silicate con- 
centrat ions have been decreasing (Fig. 10). We 
conclude f rom our  analyses that the flux of  dia- 
toms f rom surface to bot tom waters, beneath  the 
Mississippi River plume,  increased this century. 
These changes were coincidental  with changes in 
riverine ni t rogen loadings and resulted in h igher  
organic sedimentat ion to bot tom water layers. The  
deplet ion of  bot tom water oxygen, its persistence 
and areal coverage on this shelf, is thus indicated 
to have been  al tered this century. 
Conley et al. (1993) predic ted  that coastal ma- 
rine systems would not  see long-term deplet ion of  
dissolved silicate with eut rophicat ion as in en- 
closed lakes, because regenera t ion  within the sys- 
tem would maintain sufficient dissolved silicate lev- 
els to prevent  silica limitation. Our  results which 
show c o n t i n u e d  a c c u m u l a t i o n  o f  b io logica l ly  
bound  Si in sediments benea th  the plume and sim- 
ilar or h igher  ne t  silicate uptake by phytoplankton 
in the plume surface waters, in spite of  lower con- 
ccntrat ions of  Si delivered by the Mississippi River, 
suppor t  this hypothesis. 
CONSEQUENCES TO HYPOXIC BO'IVFOM WATER 
FORMATION AND SEVERITY 
Long-term changes in the severity and extent  of  
hypoxia cannot  be assessed directly, because sys- 
tematic sampling of  dissolved oxygen concentra-  
tions in bo t tom water did not  begin until 1985. 
Prior records of  hypoxia, dating to 1973, were ob- 
tained sporadically as componen t s  of  o ther  studies; 
previous events were drawn f rom anecdotal  rela- 
tionships with shrimp trawl yields. Therefore ,  bio- 
logical, mineral,  or  chemical  indicators of  eutro- 
phicat ion a n d / o r  hypoxia preserved in sediments, 
where  a c c u m u l a t i o n  rates  r e c o r d  h is tor ica l  
changes, provide clues to pr ior  hydrographic  and 
biological conditions. 
We used dominance  trends of  benthic forami- 
nifera to de te rmine  their  use as indicators of  re- 
duced oxygen levels a n d / o r  carbon-enr iched sed- 
iments (Sen Gupta et al. 1981; Sen Gupta and Ma- 
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(from Turner and Rabalais 1994b). 
chain-C&stillo 1993). The same series of  Pb-210 
dated sediment  cores used for BSi analyses (Tur- 
ner  and Rabalais 1994b; Fig. 3) were used for de- 
terminat ion of  benthic foraminifera. Some down- 
core shifts in species abundances  at station G27 
(Fig. 3) in the Mississippi River bight were inter- 
preted as foraminiferai responses to increasing ox- 
ygen stress (Sen Gupta et al. 1996). Benthic fora- 
miniferal density and diversity are generally low in 
this environment ,  but  a comparison of  assemblages 
in surficial sediments f rom areas differentially af- 
fected by oxygen deplet ion indicates that the dom- 
4 0 0  N.N. Rabalais et al. 
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Fig. 10. Average % BSi concen t ra t ion  o f  sed iments  in each 
section o f  Pb-210 dated sed imen t  cores f rom station E50. A 3- 
yr r u n n i n g  average for each sampl ing  date  is shown.  T h e  % BSi 
data  are supe r imposed  with a 3-yr r u n n i n g  average o f  the  nitro- 
gen  loading f rom the Mississippi River t h rough  the delta passes 
(from T u r n e r  and  Rabalais 1994b). 
inance of  Ammonia parkinsoniana over Elphidium 
spp. is m u c h  m o r e  p r o n o u n c e d  u n d e r  hypoxia  
than in well-oxygenated waters. The  a b u n d a n c e  o f  
A. parkinsoniana is also cor re la ted  with phytoplank-  
ton biomass in surface waters and  % BSi ( food 
source indicator)  in sediments.  In the context  o f  
m o d e r n  hypoxia,  species distr ibution in da ted  sed- 
imen t  cores reveals strat igraphic t rends in the Am- 
monia:Elphidium ratio that  indicate an overall in- 
crease in oxygen stress (in intensity or  dura t ion)  
in the last 100 yr (Fig. 11). In particular, the stress 
seems especially severe since the 1950s. For this 
t ime per iod,  bo th  Ammonia and  Elphidium b e c o m e  
less impor t an t  c o m p o n e n t s  of  the assemblage,  
while Fursenkoina (known to be hypoxia  to lerant  
elsewhere) shows an unusual  dominance .  Quin- 
queloculina (a significant c o m p o n e n t  of  the mod-  
e rn  assemblage only in well-oxygenated waters) has 
been  absent  f rom the record  of  this core since the 
1870s but  was a conspicuous  e l emen t  of  the fauna  
in the previous 100 yr. Thus,  there  are indications 
that  oxygen deficiency stress increased as nu t r i en t  
loads and  carbon  flux to the seabed increased. 
S u m m a r y  o f  Hi s tor i ca l  Trends  
Mississippi River nu t r i en t  concent ra t ions  and  
loadings to the adjacent  cont inenta l  shelf  have 
changed  dramatical ly this century, with an accel- 
erat ion of  these changes  since the 1950s. T h e  con- 
centra t ions  of  dissolved N and  P doub led  and  Si 
decreased  by half, the dissolved Si:N ratio d r o p p e d  
f rom 4:1 to 1:1, and  seasonal t rends have changed.  
The  result ing nu t r i en t  compos i t ion  in the receiv- 
ing Gulf  waters shifted toward s toichiometr ic  nu- 
tr ient  ratios closer to the Redfield ratio and  m o r e  
ba lanced  than previously. N and  P are indicated to 
be less l imiting now for  phy top lank ton  growth,  
while some increase in Si l imitation is probable .  In  
spite of  a p robab le  decrease in Si availability, the 
overall productivity of  the ecosystem appears  to 
have increased. This is evidenced by equal  or  great- 
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Fig. 11. Changes  in ben th ic  foraminifera  species with strati- 
graphic  dep th  in Pb-210 dated s ed imen t  core f rom station G27 
in the  Mississippi River bight.  
plank ton  communi ty  in the mixing zone c o m p a r e d  
to the 1950s, and  grea te r  accumula t ion  rates o f  BSi 
in sediments  benea th  the p lume,  but  not  fu r the r  
away, which is in a g r e e m e n t  with results found  in 
freshwater  systems. The  increased % BSi in Missis- 
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Fig. 12. A schematic of documented historical changes in riverine nutrient concentrations, nutrient ratios, and biological responses, 
and a series of predicted responses depending on a constant increase of silica and varying changes in nitrogen loadings. A stronger 
response is indicated by double arrows. (See text for discussion.) 
sippi River bight  sediments  that  parallels increased 
N loading to the system is direct  evidence for  the 
effects of  eu t rophica t ion  on the shelf  adjacent  to 
the Mississippi River. Individual  phy top lank ton  spe- 
cies compos i t ion  shifts (heavily silicified dia toms to 
lightly silicified diatoms; d ia tom to nond ia tom)  
would indicate some populat ion-level  responses  to 
r educed  Si supplies a n d / o r  changes  in nu t r ien t  ra- 
tios. Finally, analysis o f  benthic  foramini fe ra  indi- 
cates an increase in oxygen deficiency stress this 
century,  with a dramat ic  increase since the 1950s. 
Increased  bot tom-water  hypoxia  could result f rom 
increased organic  loading to the seabed a n d / o r  
shifts in material  flux (quantity and  quality) to the 
lower water  column.  
The  impor t ance  of  the water  co lumn physical 
s t ructure  to the deve lopmen t  and  persis tence of  
hypoxia  is clear, and  the discharge of  the Mississip- 
pi River (i.e., a m o u n t  of  flow) since the 1950s has 
been  relatively constant  aside f rom n o r m a l  decadal  
scale variations in runoff .  The  al location of  flow 
between the Mississippi River p r o p e r  and  the At- 
chafalaya River has been  main ta ined  by the Uni ted  
States Army Corps  of  Engineers  accord ing  to Con- 
gressional manda te .  Thus,  the observed  changes  in 
b io log ica l  r e s p o n s e s  a re  p r o b a b l y  n o t  d u e  to 
changes  in a m o u n t  or  distr ibution of  freshwater  
r u n o f f  and  resul tant  stratification. 
Predictions 
Nutr ient  levels in the Mississippi River may be 
inf luenced by a variety of  m a n a g e m e n t  and  eco- 
nomic  decisions, with consequences  to the Missis- 
sippi River delta coastal ecosystem. Agricultural  
practices, economic  incentives and  disincentives, 
water quality regulations,  water  t r ea tmen t  practic- 
es, and  consumer  p re fe rences  may all cont r ibute  
to the a m o u n t  of  dissolved N, P, and  Si in the Mis- 
sissippi River. I f  freshwater  p h o s p h o r u s  loading is 
reduced,  we predic t  that  the rate of  BSi burial in 
freshwater  sediments  will decrease because fresh- 
water  d ia tom produc t ion  will be lower (similar to 
the decreased  % BSi in more  recent  Lake Michi- 
gan sediments;  shown in Conley et al. 1993). The  
release of  dissolved Si f rom the sediments  in the 
watershed will exceed  the uptake  of  dissolved Si in 
the water  column.  The  result  will be an increase 
in dissolved Si within the Mississippi River and  in 
the adjacent  coastal waters (a r e tu rn  to the 1950s 
and  turn-of- the-century levels). At the same time, 
controls  on N use and  loadings within the water- 
shed may or may not  be affected. 
Based on the biological consequences  of  docu- 
m e n t e d  historical riverine changes,  we could sug- 
gest three  possible scenarios for  future  ~ s t e m  re- 
sponses (Fig. 12). First, if N concent ra t ion  remains  
the same and  Si concent ra t ion  increases, overall N 
4 0 2  N.N.  Rabalais et al. 
l i m i t a t i o n s  to  p h y t o p l a n k t o n  p r o d u c t i v i t y  will  b e  
s i m i l a r  to  p r e s e n t ,  b u t  Si will  n o  l o n g e r  b e  l i m i t i n g .  
T h e  r e s u l t  w o u l d  b e  i n c r e a s e d  BSi  a n d  c a r b o n  ac-  
c u m u l a t i o n  in  t h e  s e d i m e n t s ,  a n d  a n  i n c r e a s e  i n  
t h e  e x t e n t  a n d  s e v e r i t y  o f  h y p o x i a .  S e c o n d ,  i f  b o t h  
N a n d  Si c o n c e n t r a t i o n s  i n c r e a s e ,  t h e r e  will  b e  n o  
N o r  Si l i m i t a t i o n s  a n d  t h e  S i :N  r a t i o  will  b e  bal- 
a n c e d .  T h e  r e s u l t  w o u l d  b e  g r e a t l y  i n c r e a s e d  BSi  
a n d  c a r b o n  a c c u m u l a t i o n s  a n d  s u b s t a n t i a l  i n c r e a s e  
in  t h e  s e v e r i t y  o f  h y p o x i a .  T h i r d ,  i f  N c o n c e n t r a -  
t i o n s  a r e  r e d u c e d  (e .g . ,  to  1 9 5 0 s  v a l u e s )  w h i l e  Si 
c o n c e n t r a t i o n s  i n c r e a s e ,  t h e n  N w o u l d  a g a i n  r e -  
t u r n  to  t h e  l i m i t i n g  n u t r i e n t  s t a tu s ,  a n d  a l t h o u g h  
Si w o u l d  b e  i n  a b u n d a n t  supp ly ,  t h e  s y s t e m  w o u l d  
b e  r e s t r i c t e d  by  N s u p p l i e s ,  a n d  h y p o x i a  w o u l d  d e -  
c r e a s e .  
B e c a u s e  o f  t h e  c l o s e  c o u p l i n g  b e t w e e n  r i v e r i n e  
n u t r i e n t  l o a d i n g  a n d  p h y t o p l a n k t o n  p r o d u c t i o n ,  
r e v e r s a l  o f  t h e  c u r r e n t  e f f e c t s  o f  n u t r i e n t  i n c r e a s e s  
a n d  n u t r i e n t  r a t i o  c h a n g e s  is p o s s i b l e  to  t h e  d e g r e e  
t h a t  w a t e r  q u a l i t y  t r e n d s  a r e  a l t e r e d .  H o w e v e r ,  t h e  
m a n a g e m e n t  o f  o n e  n u t r i e n t  (Si o r  N )  m a y  n o t  b e  
s u f f i c i e n t  to  r e d u c e  e u t r o p h i c a t i o n  to  a n  a c c e p t -  
a b l e  l eve l  i f  t h e  c o m p e n s a t o r y  q u a l i t a t i v e  a d a p t a -  
t i o n s  o f  s p e c i e s  l e a d  to  n e w  p h y t o p l a n k t o n  c o m -  
m u n i t i e s ,  i n c l u d i n g  t h o s e  w i t h  n o x i o u s  o r  t o x i c  
s p e c i e s .  
T h e  p r e c e d i n g  d i s c u s s i o n  h a s  b e e n  b a s e d  o n  t h e  
a s s u m p t i o n  t h a t  r i v e r  d i s c h a r g e  wil l  r e m a i n  s ta t i s -  
t i ca l ly  s i m i l a r  to  p a s t  c o n d i t i o n s .  T h i s  m a y  n o t  b e  
t h e  case .  P o s s i b l e  d i v e r s i o n s  o f  f r e s h  w a t e r  ( a n d  
a s s o c i a t e d  s e d i m e n t s  a n d  n u t r i e n t s )  t h r o u g h  L o u -  
i s i a n a  m a r s h e s  as a m e a n s  o f  r e d u c i n g  c o a s t a l  l a n d  
loss  a n d  o r  a s s i s t i n g  n a v i g a t i o n  a r e  b e i n g  d i s c u s s e d .  
I t  is a l so  n o t  c l e a r  h o w  m u c h  l o n g e r  t h e  U n i t e d  
S t a t e s  A r m y  C o r p s  o f  E n g i n e e r s  will  h e  a b l e  to  p r e -  
v e n t  t h e  A t c h a f a l a y a  R i v e r  f r o m  c a p t u r i n g  t h e  m a -  
j o r  p a r t  o f  t h e  M i s s i s s i p p i  R i v e r  d i s c h a r g e .  E i t h e r  
s c e n a r i o  c o u l d  s e v e r e l y  a l t e r  t h e  s p a t i a l  d i s t r i b u -  
t i o n  o f  f r e s h  w a t e r  a n d  i m t r i e n t s  o n t o  t h e  s h e l f .  
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APPENDICES 
Data from Simmons and Thomas (1962) included four areas 
east of the Mississippi River delta (two with salinity below 18%o 
combined under "River" in Appendix 1, and two with salinity 
of 18-32%o combined under "Plume" in Appendix 2). Most of 
the 1990-1992 data are from west of the delta but are matched 
for salinity and distance from the river (no stations west of 
89~ The July 1990 data included stations east of the delta, 
but there were no substantial differences in species composition 
from Simmons and Thomas (1962), and the data were exclud- 
ed. Methods used by Simmons and Thomas (1962) were reliable 
for diatoms >0.6 btm, thus Appendices 1 and 2 include only 
diatoms. 
The data of Fucik (1974) and Ward et al. (1979) were ob- 
tained from a study of petroleum operations approximately 80 
km west of the Mississippi delta. Their data ("Control" and 
"Platform") are comparable to monthly data in 1990-1993 
from nearby stations C6A and C6B (Appendix 3 and Fig. 3). 
High river flow in spring 1973 and spring-summer 1990 and 
1993 makes these periods most comparable. Neither Fucik 
(1974) nor Ward et al. (1979) cited enumeration methodolo- 
gies, but their species lists indicate they used the standard Uter- 
mohl method. Their listings do not mention any other groups, 
besides diatoms and dinoflagellates, which should have been 
observed by this method if they were present. For example, 
cryptomonads are now often dominant, especially in the fall 
through early spring, but were not listed by Fucik (1974) or 
Ward et al. (1979). Consequently, Appendix 3 includes only di- 
atoms, dinoflagellates, and large filamentous cyanobacteria, 
which they would surely have observed if they had been present. 
Water samples for 1990-1993 were preserved with glutaral- 
dehyde, and filtered onto 0.2-p,m, %~m, and 8-p~m polycarbon- 
ate filters (Dortch et al. 1992b). Organisms on the ~p.m and 8- 
p~m filters were stained with proflavin. The 0.2-p~m and 3-p~m 
filters were counted immediately by epifluorescence microsco- 
py, and the 8-~zm filters were frozen and counted later. Domi- 
nant species for each area and time were picked by ranking the 
phytoplankton by concentration, summing the ranks, and pick- 
ing the top-ranked groups. 
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